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ABSTRACT Staphylococcus aureus causes severe disease in humans for which no li-
censed vaccine exists. A novel S. aureus vaccine (SA4Ag) is in development, target-
ing the capsular polysaccharides (CPs) and two virulence-associated surface proteins.
Vaccine-elicited antibody responses to CPs are efficacious against serious infection
by other encapsulated bacteria. Studies of natural S. aureus infection have also
shown a role for TH17 and/or TH1 responses in protection. Single-antigen vaccines,
including CPs, have not been effective against S. aureus; a multiantigen vaccine ap-
proach is likely required. However, the impact of addition of protein antigens on the
immune response to CPs has not been studied. Here, the immune response induced
by a bivalent CP conjugate vaccine (to model the established mechanism of action
of vaccine-induced protection against Gram-positive pathogens) was compared to
the response induced by SA4Ag, which contains both CP conjugates and protein an-
tigens, in cynomolgus macaques. Microengraving, flow cytometry, opsonophagocytic
assays, and Luminex technology were used to analyze the B-cell, T-cell, functional
antibody, and innate immune responses. Both the bivalent CP vaccine and SA4Ag
induced cytokine production from naive cells and antigen-specific memory B-cell
and functional antibody responses. Increases in levels of circulating, activated T cells
were not apparent following vaccination, nor was a TH17 or TH1 response evident.
However, our data are consistent with a vaccine-induced recruitment of T follicular
helper (TFH) cells to lymph nodes. Collectively, these data suggest that the response
to SA4Ag is primarily mediated by B cells and antibodies that abrogate important
S. aureus virulence mechanisms.

IMPORTANCE Staphylococcus aureus causes severe disease in humans for which no
licensed vaccine exists. A novel vaccine is in development that targets multiple ele-
ments of the bacteria since single-component vaccines have not shown efficacy to
date. How these multiple components alter the immune response raised by the vac-
cine is not well studied. We found that the addition of two protein components did
not alter substantially the antibody responses raised with respect to function or mo-
bilization of B cells. There was also not a substantial change in the activity of T cells,
another part of the adaptive response. This study showed that protection by this
vaccine may be mediated primarily by antibody protection.

KEYWORDS immunization, memory B cells, microengraving

The Gram-positive bacterium Staphylococcus aureus is a pathogen of major impor-
tance to public health. While S. aureus commonly asymptomatically colonizes the

skin and nose of healthy humans, severe disease can result from infection of the blood,
bone, skin, and lungs, as well as sites of catheters and prosthetic material (1). The threat
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posed by S. aureus is further exacerbated by the development of strains resistant to
methicillin (methicillin-resistant S. aureus [MRSA] strains) and other antibiotics that
are estimated to have caused more than 75,000 infections and over 9,600 deaths in the
United States in 2012 (2). Since there are currently no licensed vaccines against
S. aureus infection, novel therapeutics to treat or prevent this disease are urgently
needed.

To develop a vaccine against S. aureus, efforts have focused on identifying the
mechanisms by which hosts resist this infection. Since S. aureus largely persists extra-
cellularly, it is not surprising that in vitro studies, animal models, and the susceptibili-
ties of patients with specific immunodeficiencies have collectively suggested that
neutrophil-based killing is critical for controlling S. aureus infection. TH17 cells promote
the recruitment and activation of neutrophils, which phagocytose and kill the bacteria;
TH17 responses have been implicated in protection against cutaneous S. aureus infec-
tions (3–10). This phagocytic killing can result from direct recognition of the bacteria
through innate receptors or antibody (Ab)-mediated phagocytosis (11–15). The role of
antibodies in immunity to S. aureus also implies a role for T follicular helper (TFH) cells;
this subset of T cells is essential for germinal center reactions and antibody affinity
maturation and therefore controls the maturation of B cells and antibody production by
plasma cells (16). Additionally, the idea of a potential role for TH1 immune responses is
supported by the ability of S. aureus to persist intracellularly and by the observation
that gamma interferon (IFN-�) can activate neutrophil killing mechanisms (5, 17–20).
Together, those studies demonstrated the role for adaptive immune responses in
resistance to S. aureus and identified specific components of the immune system that
may be useful to target with vaccination.

The identification of specific molecular antigens of S. aureus that the immune system
can recognize has been another challenge for vaccine development (21–23). Like many
bacterial pathogens, S. aureus can evade detection by innate immune receptors by
encapsulating itself with polysaccharides (15, 24). Capsular polysaccharides (CPs) have
been well established as effective targets for vaccines against encapsulated bacteria,
such as Streptococcus pneumoniae, Haemophilus influenzae, and Neisseria meningitidis.
As many as eight capsular serotypes have been identified in S. aureus, but the majority
of disease-causing isolates express either capsular polysaccharide 5 (CP5) or CP8,
making these attractive vaccine targets (25). Expression of capsular polysaccharides,
however, can be dynamic during infection, and targeting additional protein antigens
may be necessary for adequate protection (26). Two S. aureus surface proteins that have
been identified as major virulence factors may serve as additional vaccine targets:
manganese transport protein C (MntC) and clumping factor A (ClfA). MntC is involved
in the scavenging of manganese ions, which are important both as nutrients for
S. aureus and as cofactors for superoxide dismutase, which enables S. aureus survival of
the neutrophil respiratory burst. ClfA promotes binding of S. aureus to platelets and
fibrogen, which is necessary for disease pathogenesis in several models of infection
with this pathogen (27–33). Preclinical studies have demonstrated the ability of these
antigens to induce protection in animal models (32, 34–36). ClfA and MntC may
therefore serve as valuable antigens to combine with capsular polysaccharide conju-
gates in a vaccine against S. aureus.

The identification of these antigens has led to the development of several candidate
vaccines at various stages of development (21–23). Use of a bivalent vaccine containing
the CP5 and CP8 polysaccharides conjugated to recombinant Pseudomonas aeruginosa
exoprotein A showed reduced bacteremia in initial phase III clinical trials (37). However,
a significant protective effect was not observed in a subsequent trial (38), which may
have been due to the population chosen, suboptimal conjugate production, or differ-
ences in conjugate manufacture between trials (38). On the basis of the partial success
of this trial and strong preclinical evidence for the use of capsular polysaccharide
conjugates as vaccine candidates, a novel tetravalent vaccine (SA4Ag) has been de-
signed that includes CP5 and CP8, each conjugated to cross-reacting material 197
(CRM197), in addition to the MntC and ClfA antigens. The effect that the addition of
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these protein antigens may have on the anti-CP immune response has not been
studied in detail and is a topic of this publication.

To determine how the response to SA4Ag compares to the immune response
induced by vaccination against CP conjugates alone, groups of cynomolgus macaques
were vaccinated with either the bivalent CP vaccine (CP5-CRM197 or CP8-CRM197) or the
SA4Ag vaccine and the induced immune responses were characterized. Functional
antibody responses, quantities of memory B and T cells, and levels of cytokine pro-
duction from preimmunization and postimmunization T cells and bulk peripheral blood
mononuclear cells (PBMCs) were measured. Our results demonstrate that both the
capsular polysaccharide antigens and the protein antigens are immunogenic and that
both vaccines induced memory B-cell and functional antibody responses. In contrast,
neither of the vaccines induced increases in the levels of circulating activated T cells
(either TH1 or TH17), though both vaccines may have promoted recruitment of T
follicular helper cells to lymph nodes. Collectively, these data suggest that the response
to these vaccines could be driven by B cells and antibodies and that the inclusion of the
surface protein antigens does not negatively affect the anti-CP immune response and
does not induce a strong effector T cell response.

RESULTS
Analysis of innate immune responses induced by the CP5-CRM197 and CP8-

CRM197 or MntC and ClfA antigens. Adaptive immune responses that confer protec-
tion following vaccination are ultimately regulated by the initial cytokines that are
released when specific ligands are sensed by innate pattern recognition receptors (39).
We sought to determine whether or not the innate cytokine responses induced by the
MntC and ClfA antigens were distinct from those induced by the CP5-CRM197 and
CP8-CRM197 antigens. PBMCs from unvaccinated macaques were cultured in the ab-
sence of antigen or in the presence of ClfA and MntC or of CP5-CRM197 and CP8-CRM197

antigens. The concentrations of 29 cytokines were measured in the supernatants after
incubation. Partial least-squares discrimination analysis (PLS-DA) was applied to deter-
mine if the pairs of antigens elicited distinct cytokine responses and what cytokines
distinguish these responses from one another. This analysis revealed that the macaque
cells from each antigen stimulation condition clustered into distinct groups, distin-
guishable by the cytokines that they produced (Fig. 1A). Stimulation with MntC and
ClfA or with both CP5-CRM197 and CP8-CRM197 induced secretion of the cytokines IL-2,
IL-12, epidermal growth factor (EGF), and migration inhibition factor (MIF) (Fig. 1B and
C). Stimulation with CP5-CRM197 and CP8-CRM197 also induced secretion of CCL5. In
contrast, stimulation with MntC and ClfA did not induce secretion of CCL5. The two
antigen pairs differed in the amounts of MIF and EGF that they induced. The ClfA and
MntC antigen pairs also induced greater IFN-� production than the CP5-CRM197 and
CP8-CRM197 antigen pairs, although, correcting for the multiple comparisons being
made, this trend was not statistically significant. Collectively, these data demonstrate
that both antigen pairs (antigens CP5 and CP8 and antigens ClfA and MntC) are
immunogenic and capable of eliciting cytokine responses but that the cytokine re-
sponses that they elicit are distinct from one another.

Analysis of memory B-cell responses induced by bivalent vaccine treatment or
SA4Ag vaccination. Memory B cells represent one component of the adaptive immune
system that can confer vaccine-induced protection, and the vast majority of vaccines
currently in use are thought to elicit B-cell responses (40). Therefore, we next compared
the frequencies of memory B cells, and the relative binding affinities of the antibodies
secreted by them, following bivalent vaccine treatment or SA4Ag vaccination. The
kinetics of the memory B-cell response throughout the vaccination regimen was
examined by flow cytometry, measuring expression of receptor CD27, which is upregu-
lated on memory B cells, and receptor CD23, which is expressed on naive B cells (41).
Analysis of these markers revealed three populations of B cells (CD23� CD27�, CD23�

CD27�, and CD23� CD27�). Of these, only the level of the CD23� CD27� population
was found to have increased at day 70 following vaccination (Fig. 2A; see also Fig. S1 in
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FIG 1 Analysis of innate antigen-induced cytokine responses. Cryopreserved PBMCs were cultured with no antigen, CP5
and CP8, or ClFA and MntC antigen. After incubation for 48 h, the concentrations of 29 cytokines in the supernatants were
measured by Luminex analysis. Concentrations of all 18 cytokines with detectable signal were inputted into a partial
least-squares discriminant analysis (PLS-DA) algorithm in order to identify key cytokines corresponding to each antigen
stimulation condition. This algorithm outputted the data in a principal-component space, where each component
represents an axis of maximal variance in the data and separation between stimulation conditions. (A) Each data point,
plotted in the PLS-DA principal-component space, represents all 18 cytokine concentrations from an individual naive
macaque under a specific antigen stimulation condition. The macaques maintained within each antigen stimulation
condition clustered together, suggesting a consistent set of cytokines induced across all macaque PBMCs within a specific
stimulation condition. (B) The loadings for each principal component indicate which cytokines corresponded to each
antigen stimulation condition. For example, based on the loadings of principal component 1, the CP5 and CP8 antigens
stimulated increased expression of MIF, CCL5, and IL-12. (C) Observed concentrations of individual cytokines are shown.
Each data point represents an individual naive macaque under a specific antigen stimulation condition. The red lines
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the supplemental material). Vaccination with either the SA4Ag vaccine or the bivalent
vaccine induced increases in the levels of memory B cells, which peaked at the end of
the vaccination regimen. These data suggest that inoculation with either the SA4Ag
vaccine or the bivalent vaccine elicits memory B-cell responses.

Another important aspect of the B-cell response to assess is antigen specificity. To
compare the antigen-specific memory B-cell responses elicited by each vaccine, PBMCs
collected before vaccination and at day 70 postvaccination were stimulated to induce
antibody secretion. The levels of secretion of antibodies and their specificities were
then measured using microengraving. After stimulation, cells were deposited into an
array of subnanoliter wells (50 �m by 50 �m by 100 �m); the antibodies secreted by
individual B cells within each well were then captured on a glass slide and probed with
fluorescently labeled antigens and detection antibodies (42). Using this technique, B
cells that secreted antibodies could be clearly identified, along with the specificity of
the antibodies for each vaccine component (Fig. 2B). Using this approach, we observed
that both bivalent CP and SA4Ag induced increases in the frequencies of CP5- and
CP8-specific B cells and that SA4Ag induced increases in the frequencies of ClFA- and
MntC-specific B cells in the majority of macaques examined. Comparing the frequencies
of CP5- and CP8-specific memory B cells from prevaccination and 70 days postvacci-
nation revealed that the bivalent CP and SA4Ag vaccines elicited similar increases in the
frequencies of antigen-specific memory B cells (Fig. 2C).

Analysis of T-cell responses induced by bivalent vaccine treatment or SA4Ag
vaccination. In addition to memory B cells, T cells represent another compartment of
the adaptive immune system that may be involved in protection following vaccination.
T-cell-mediated immunity has been implicated in resistance to S. aureus (3–5) and has
also been negatively linked to vaccine safety (43). We used several approaches to
measure the vaccine-induced T cell responses. First, T cells taken from macaques were
analyzed ex vivo by flow cytometry for vaccine-induced changes in the expression of
activation-associated molecules. Specifically, T cells were examined for expression of
surface molecules CD69, PD-1, and HLA-DR (which are upregulated on recently acti-
vated CD4� T cells) (44, 45); surface molecule CD45RA (which is downregulated on
antigen-experienced CD4� T cells) (46); and intracellular protein Ki-67 (which is asso-
ciated with cellular proliferation) (47). Flow cytometric analysis revealed no changes in
the expression of any of these molecules (Fig. 3A; see also Fig. S2A) following bivalent
CP or SA4Ag vaccination, arguing against a prominent role for circulating T-cell
populations in vaccine-induced immunity.

To further assess vaccine-induced immune responses, intracellular cytokine staining
(ICS) was performed to determine whether bivalent CP or SA4Ag vaccination increased
cytokine production. Expression levels of tumor necrosis alpha (TNF-�), IFN-�, and IL-17
were measured; all of these cytokines have been implicated in immunity to S. aureus (5,
6, 18, 48, 49). Expression of IL-4 was also measured, since this cytokine can promote
B-cell responses (16). After stimulating cryopreserved PBMCs from macaques with
phorbol myristate acetate (PMA) and ionomycin to induce activation, no vaccine-
induced increases in cytokine production were observed (Fig. 3B; see also Fig. S2B). In
a further effort to detect antigen-specific cytokine responses, cryopreserved PBMCs
from multiple pre- and postvaccination time points were cultured with the vaccine
components, and the concentrations of an array of 29 cytokines (including IL-4, IL-17,
TNF-�, and IFN-�) were then measured. While treatment of the PBMCs with antigens
induced increases in the secretion of a number of cytokines regardless of the time point
postvaccination, no evidence of vaccine-induced increases in cytokine secretion was
apparent using this method (Fig. 4; see also Fig. S3). Collectively, these results suggest
that neither the bivalent CP nor SA4Ag induced significant activation of circulating T
cells.

FIG 1 Legend (Continued)
indicate the limit of detection (LOD) for each cytokine; measurements at or below the LOD were excluded from statistical
analysis. P values were calculated using a Mann-Whitney U test. ns, not significant.
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Recent studies have demonstrated that T follicular helper cells (TFH), a cellular
population specialized in promoting B-cell responses, can be detected in circulation
and that they bear a CD4� CD45RA� CXCR3� CXCR5� PD-1HI TIGITHI c-mafHI pheno-
type (50). Identification of these cells in macaques is complicated by the low levels of
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detectable CXCR5 expressed on macaque T cells (51). However, a population of CD4�

CD45RA� CXCR3� PD-1HI TIGIT� c-maf� cells could be detected in the macaque’s
circulation. Vaccination with either the SA4Ag or bivalent CP vaccine (but not control
buffer) induced significant decreases in this population (Fig. 5A and B). No significant
differences were apparent when the frequencies of these cells were compared between

FIG 3 Legend (Continued)
Ki-67, CD69, PD-1, and HLA-DR on the surface of T cells was examined. Representative flow cytometry plots
are shown. Flow plots are gated on singlet, live, CD3� CD4� T cells. Changes in expression of each activation
marker represent the difference between the percentage of T cells positive at each time point and the
percentage at day 0. When samples from day 0 for a given macaque were unavailable, other time points were
normalized to day �7 and the value representing the change in CD27 at day �7 (which was by definition 0)
was excluded. The data shown represent an analysis of half of the population of macaques used for this study.
PBMCs from the other half of the population of macaques were stained with a slightly different panel, and
these data are shown in Fig. S2. Macaques were excluded only when insufficient sample was available.
N values for each time point are as follows: bivalent, n � 5, 5, 1, 5, 5, 5, 4, 5, 5, and 5; SA4Ag, n � 4, 4, 3, 4,
4, 5, 2, 3, 2, and 3. Means � SEM are shown. FMO, fluorescence minus one. (B) Production of cytokines from
bivalent and SA4Ag-vaccinated macaques at various time points, measured by intracellular cytokine staining.
PBMCs were stimulated for 4 h with PMA and ionomycin at a concentration of 1 �g/ml and BD GolgiStop
according to the manufacturer’s instructions. Representative flow cytometry plots are shown. Plots are gated
on singlet, live, CD3� CD4� T cells. Changes in expression of each activation marker represent the difference
between the percentage of T cells positive at each time point and the percentage at day 0. When samples
from day 0 for a given macaque were unavailable, other time points were normalized to day �7 and the value
representing the change in CD27 at day �7 (which was by definition 0) was excluded. The data shown
represent an analysis of half of the population of macaques used for this study. PBMCs from the other half of
the population of macaques were stimulated in an earlier experiment with a lower concentration of PMA and
ionomycin (0.1 �g/ml), and these data are shown in Fig. S2. Macaques were excluded only when insufficient
sample was available. N values for each time point are as follows: bivalent, n � 5, 5, 2, 5, 5, 5, 4, 3, 5, and 5;
SA4Ag; n � 5, 5, 3, 3, 4, 5, 2, 4, 2, and 3. Means � SEM are shown.
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FIG 4 Cytokine production resulting from antigen stimulation. Cryopreserved PBMCs from each vaccine group, at each time point,
were thawed, rested overnight, and cultured at a concentration of 500,000 cells/well in 90 �l of AIM-V media per well. Cells were
stimulated with 8 �g/ml of MntC and ClfA or CP5 and CP8 antigens. Supernatants were harvested and examined for cytokine content
after 48 h of stimulation. Limits of detection for each cytokine (as reported by the manufacturer) are depicted with the dashed line.
Points falling below the standard curve were excluded. Other samples were excluded only when insufficient sample was present.
N values for each time point are as follows: bivalent, no antigen, n � 10, 10, 10, and 9; SA4Ag, no antigen, n � 10, 10, 10, and 10;
bivalent, CP5 and CP8 stimulation, n � 10, 10, 10, and 10; SA4Ag, CP5 and CP8 stimulation, n � 10, 10, 10, and 10; bivalent, MntC
and ClfA stimulation, n � 10, 9, 10, and 4; SA4Ag, MntC and ClfA stimulation, n � 10, 9, 9, and 7.
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the bivalent and SA4Ag vaccine groups. Importantly, when this gating strategy was
applied to human PBMCs, a majority of cells within the CD4� CD45RA� CXCR3� PD-1HI

TIGIT� c-maf� population were found to be CXCR5� (i.e., were circulating TFH cells)
(Fig. 5C). These results are therefore consistent with a model in which vaccination
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induces a decrease in the circulating TFH cell population, possibly due to the recruit-
ment of circulating TFH cells to lymph nodes.

Effects of vaccination on humoral immune responses. To measure the functional
properties of the antibody responses induced by vaccination with the bivalent and
SA4Ag macaques, sera from each macaque were collected at multiple time points and
analyzed in two ways: the ability of the sera to opsonize S. aureus for phagocytosis by
neutrophils in vitro was determined using an opsonophagocytic assay (OPA), and the
ability of antibodies from the sera to prevent binding of fluorescently labeled mono-
clonal antibodies (Abs) to the antigenic vaccine components was determined using a
competitive Luminex immunoassay (cLIA) (52).

The OPA revealed that vaccination with either the bivalent CP or SA4Ag induced a
rapid increase in the ability to opsonize both CP5-expressing and CP8-expressing
isolates of S. aureus. This outcome was apparent in comparisons of sera of macaques
from day 0 to sera from day 14 post-initial vaccination and in comparisons of vacci-
nated macaques to nonvaccinated control groups (Fig. 6A; see also Fig. S4A). Both the
percentage of macaques capable of opsonizing S. aureus and the titer at which
opsonization occurred were significantly increased by vaccination with either the
bivalent CP or SA4Ag. The increased ability to opsonize bacteria was sustained through-
out the vaccination regimen in both bivalent CP-immunized and SA4Ag-immunized
animals. No significant differences were apparent between the bivalent CP- and
SA4Ag-vaccinated animals in their ability to opsonize S. aureus or in the titers at which
opsonization occurred. Collectively, these results suggest that both the bivalent CP and
SA4Ag vaccines induce humoral immune responses that are comparable with respect
to their ability to opsonize S. aureus.

Humoral immune responses to vaccination were also assessed using cLIA, which
measures the ability of antibodies in the sera to inhibit the binding of fluorescently
labeled monoclonal antibodies specific for the antigenic components of the vaccine
(53). Using this approach, increases in the levels of CP5- and CP8-specific antibodies
were apparent in both bivalent CP- and SA4Ag-immunized macaques following vacci-
nation, as indicated by significant increases in the percentages of macaques whose sera
were able to inhibit the binding of monoclonal antibodies to their cognate antigen and
in the titers at which binding was inhibited (Fig. 6B; see also Fig. S4B). The CP5- and
CP8-specific antibody responses induced by the SA4Ag and bivalent CP vaccines were
sustained throughout the vaccination regimen. When the responses induced by the
SA4Ag vaccine and bivalent CP vaccine were compared to one another using a 2-way
analysis of variance (ANOVA), the anti-CP5 responses were found to be significantly
different from one another. Comparisons between the SA4Ag- and bivalent CP-
vaccinated macaques at each individual time point, however, revealed no significant
differences (once corrections were made for performing multiple comparisons). No
differences in the vaccine-induced anti-CP8 response were apparent between the
bivalent CP- and SA4Ag-immunized macaques, as measured by the cLIA. The cLIA also
revealed that antibody responses against ClfA and MntC were induced by vaccination
with the SA4Ag vaccine but not by vaccination with the bivalent CP vaccine, as
expected. The humoral responses against these protein antigens generally exhibited a
kinetics different from that of the responses against the polysaccharide antigens and
were slower to develop. Additionally, MntC antibody responses were difficult to detect
by cLIA (although this may be a species-specific phenomenon, as cLIA-based responses
to MntC are generally robust in humans [53]). Collectively, these results demonstrate
that both the SA4Ag and bivalent CP vaccines induce functional humoral immune
responses against all the antigenic components of each respective vaccine and show
no evidence that the inclusion of the protein surface antigens negatively affects the
anti-CP humoral response.

DISCUSSION

Several previous efforts to develop vaccines for S. aureus have been unsuccessful
(22). These approaches have targeted single antigens or targeted combinations of CPs
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(54). Given that expression of individual antigens is dynamic during infection, use of a
multivalent vaccine targeting both CPs and surface antigens may be the most effective
vaccination strategy (26). This strategy, however, raises the following question: how
would inclusion of additional antigens affect the anti-CP immune response?

The studies performed here interrogated the effect that inclusion of additional
surface antigens (ClfA and MntC) has on the immune responses against CPs. We
observed no evidence that the anti-CP immune response was inhibited by the addition
of the protein surface antigens. Indeed, the macaques exhibited similar frequencies of
CP-specific memory B cells regardless of whether they were vaccinated with CP5 and
CP8 alone or in combination with MntC and ClfA. Similarly, antibody responses (mea-
sured by cLIA or OPA) were not impaired by the addition of the ClfA and MntC antigens.
Clinical data have confirmed that when MntC and ClfA are included in a multivalent
vaccine, robust immune responses are observed (53, 55). Our data therefore suggest
that the use of multivalent vaccines may be a promising strategy to prevent infection
with S. aureus.

The results of this study also demonstrate that antigens ClfA and MntC and antigens
CP5-CRM197 and CP8-CRM197 are antigen pairs capable of eliciting cytokine production
from naive PBMCs and that both also induced antibody and memory B-cell responses
following vaccination. These results are consistent with previous studies demonstrating
the immunogenicity of CP5-CRM197, CP8-CRM197, MntC, and ClfA in healthy human
subjects (53, 56). Interestingly, the antigen pairs induced distinctly different cytokine
signatures in naive PBMCs, with CP5-CRM197 and CP8-CRM197 stimulation causing very
high levels of MIF and CCL5 and with ClfA and MntC stimulation leading to elevated
levels of EGF, hepatocyte growth factor (HGF), IFN-�, and IL-12. These results suggest
that the two antigen pairs have immune stimulatory effects that are distinct, which
might play a subtle role in shaping the vaccine-induced immune response. Overall, the
inherent immunogenicity of these antigens is important, as the SA4Ag vaccine cur-
rently in development contains no adjuvant.

It is presently unclear whether inducing TH17 or TH1 responses is a prudent strategy
to prevent infection with extracellular pathogens. While local TH17 responses promote
neutrophil migration to the site of infection, TH17 cells also can promote autoimmune
responses (7). Likewise, while some researchers have described a protective role for TH1
responses in S. aureus infection following exposure to live S. aureus (20), a recent report
has shown that induction of a TH1 response after vaccination with S. aureus may be
deleterious (43). Our results found no evidence that vaccination with either the bivalent
CP or SA4Ag vaccines induces TH1 or TH17 immune responses, suggesting that a similar
result may also be observed in the clinic. As the majority of vaccines currently in use are
thought to mediate protection primarily through antibody responses (40), it is reason-
able to speculate that these memory TH1 or TH17 cell responses may not be necessary

FIG 6 Legend (Continued)
reciprocal of the serum dilution. Geometric mean titers � 95% confidence intervals are shown. Values which fell below the
limit of detection (where no detectable opsonization occurred) have been entered as 50. The geometric mean titer at
which 50% of the bacteria were killed following vaccination (at day 14) is compared to the geometric mean titer at which
50% of the bacteria were killed prior to vaccination at day 0 within each group using a Wilcoxon signed-rank test. The
geometric mean titer at which 50% of the bacteria were killed at day 14 in each group was compared to the geometric
mean titer at which 50% of the bacteria at day 14 were killed in each other group using a Mann-Whitney U test (values
not shown). (B) Antigen-binding ability of antibodies in sera measured by competitive Luminex immunoassay. Concen-
trations of sera (expressed in units per milliliter) at which 50% inhibition of the monoclonal antibody to its cognate vaccine
component antigen occurred are displayed. Concentrations are displayed as geometric means � 95% confidence intervals.
To improve image clarity, the confidence intervals for the control buffer-vaccinated group were excluded. For visualization
purposes, any conditions where all donors had values below the limit of detection (LOD) are plotted at half of the lower
limit of quantitation (LLOQ) for visualization purposes, and the LLOQ is shown as a dashed line. When a sufficient number
of macaques in each group had sera which detectably inhibited binding activity at day 0, the concentrations at which
inhibition of binding occurred at day 0 and following vaccination were compared using a Wilcoxon matched-pair rank test.
When a sufficient number of macaques in the control buffer-vaccinated group had sera which detectably inhibited binding
activity following vaccination, the concentration at which binding was inhibited in this group was compared to the
concentration at which it was inhibited in the bivalent vaccine-treated group or the SA4Ag-vaccinated group using a
Mann-Whitney U test (values not shown).
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for protective immunity against S. aureus and could potentially be dangerous. Eliciting
B-cell responses without TH1 or TH17 cells may therefore be ideal, as this strategy would
mitigate concerns about the potential of vaccines to increase the risk for autoimmune
disease and enhanced systemic inflammatory responses upon infection. Regardless, a
greater understanding of the extent to which TH17 cells that are not self-reactive
contribute to autoimmunity may help to inform future vaccine design.

Previous studies have measured circulating TFH cells and identified correlations
between the frequencies of these cells and various phenotypes, such as the presence
of broadly neutralizing antibodies in HIV patients (50, 57). Our studies identified a
decrease in CD4� CD45RA� CXCR3� PD-1HI TIGIT� c-maf� levels induced by vaccina-
tion, and experiments using human PBMCs demonstrated that this population contains
circulating TFH cells. Our results, however, identified no correlations between the
decreases in this cell population and other parameters of the immune response, such
as the increase in the frequency of memory B cells induced by vaccination or in the
antibody responses, as measured by cLIA or OPA (data not shown). Regardless, our
results implicate TFH involvement in the vaccine-induced immune response; this find-
ing is consistent with current models in which TFH cells are thought to be necessary for
class-switching and memory B cell development. Analyzing this population with
greater resolution should be possible in human subjects, as CXCR5 is more easily
detected on human T cells than on macaque T cells (51). Studies in human subjects may
therefore reveal an important role for this population in the context of vaccine-induced
immunity to S. aureus.

MATERIALS AND METHODS
Animals and immunization. All animal protocols employed in this study met the established Pfizer

Institutional Animal Care and Use Committee guidelines, and all animal work was conducted in an
AALAC-accredited facility. Thirty cynomolgus macaques (Macaca fascicularis) were vaccinated intramus-
cularly with the bivalent vaccine (10 �g CP5-CRM197 and 10 �g CP8-CRM197), the SA4Ag vaccine (10 �g
CP5-CRM197, 10 �g CP8-CRM197, 20 �g ClfA, and 20 �g MntC), or control vaccine buffer without adjuvant
(n � 10) on days 0, 29, and 56 of the study. Blood was drawn �7, 0, 7, 14, 29, 35, 43, 56, 63, and 70 days
post-initial vaccination. Peripheral blood mononuclear cells (PBMCs) were isolated from whole blood and
stored at �200°C.

Cell preparation. Cells were thawed by briefly incubating them in a 37°C water bath and were added
dropwise to room temperature AIM-V media (Thermo Fisher) containing 20 units/ml Benzonase (Nova-
gen). Cells were washed extensively and rested overnight at 37°C in AIM-V media supplemented with
10% fetal bovine serum (FBS) (Gibco) for flow cytometry and Luminex experiments or were stimulated
for 5 days in media (0.25 � 106 cells/ml) supplemented with 10% FCS, 2.5 �g/ml R848 (InvivoGen), and
1,000 U/ml IL-2 (PeproTech) for microengraving experiments (58).

Flow cytometry. The following antibodies were used for flow cytometric analysis: brilliant UV (BUV)
737 anti-human IgG antibody (BD; clone G18-145), BUV395 mouse anti-human IgM antibody (BD; clone
G20-127), polyclonal goat anti-human IgA antibody (Jackson; product number 109-005-149), phycoeryth-
rin (PE) anti-macaque CD38 antibody (Nonhuman Primate Reagent Resource; clone OKT10), brilliant
violet (BV) 605 anti-human CD20 antibody (BioLegend; clone 2H7), BV785 anti-human CD27 antibody
(BioLegend; clone O323), Alexa Fluor (AF) 488 anti-human CD16 antibody (BioLegend; clone 3G8), AF488
anti-human CD56 antibody (BioLegend; clone MEM-188), AF488 anti-human CD3 antibody (BD; clone
SP34), PE-Cy7 CD23 antibody (BD; clone M-L233), BV711 anti-human CD27 antibody (BioLegend; clone
O323), BUV395 anti-human CD3 antibody (BD; clone 563563), allophycocyanin-H7 (APC-H7) anti-human
CD4 antibody (BD; clone L200), fluorescein isothiocyanate (FITC) anti-human CD45RA antibody (Miltenyi;
clone T6D11), BV785 anti-human PD-1 antibody (BioLegend; clone EH12.2H7), BV605 anti-human CXCR3
antibody (BD clone 1C6 and BioLegend clone GO25H7), PerCP-Cy5.5 anti-human CD69 antibody (Bio-
Legend; clone fn50), BUV737 HLA-DR antibody (BioLegend; clone L243), APC anti-human TIGIT antibody
(EBioscience; clone MBSA43), Percp-Cy5.5 anti-Ki-67 antibody (BD; clone B56), BUV395 anti-human IFN-�
antibody (BD; clone B27), PE anti-human IL-17 antibody (BD; clone SCPL1362), APC anti-human IL-4
antibody (BioLegend; clone 8D4-8), PE-Cy7 anti-human TNF-� antibody (BioLegend; clone MAb11), and
PE anti-human/mouse c-maf antibody (EBioscience; clone sym0F1).

Human gamma globulin (Jackson) or fuman Fc block (BD) was used to inhibit binding to Fc receptors.
The polyclonal anti-human IgA antibody was conjugated to PE-Cy7 using a conjugation kit (Abcam, Inc.;
product number ab102903). A Zombie Violet fixable viability kit (BioLegend; product number 423114)
was used to discriminate live and dead cells. Cells were stained for 25 min at 4°C for all extracellular
surface stains. Staining was performed in Brilliant Stain buffer (BD). After staining, cells were washed with
fluorescence-activated cell sorter (FACS) buffer (1� phosphate-buffered saline [PBS] supplemented with
0.2% bovine serum albumin [BSA; Sigma-Aldrich] and 1 mM EDTA [Promega]). Cells were fixed by
incubation in 2% paraformaldehyde (PFA) (EMS) for 10 min. Cells were suspended in FACS buffer and
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analyzed using an LSR Fortessa flow cytometer. Data analysis was performed using FlowJo software
(TreeStar) and Prism (GraphPad).

Microengraving. Microengraving protocols were performed following previously described meth-
ods (59). For microengraving analysis of macaque PBMCs, 25 �g/ml of polyclonal anti-human IgA plus
IgG plus IgM (Jackson ImmunoResearch) and 25 �g/ml anti-rabbit IgG (Jackson ImmunoResearch) diluted
in borate buffer were pipetted onto poly-lysine-coated slides, sealed with a coverslip, and incubated
overnight in a humidity chamber at 4°C. Arrays comprising ~105 wells (50 �m by 50 �m by 100 �m) were
prepared as previously described (60). Following stimulation to induce antibody production, cells were
enriched for antibody-secreting cells using negative magnetic selection (EasySep human B cell enrich-
ment kit; StemCell Technologies) and were pipetted onto the wells at a density of ~1 cell per well,
allowed to settle, sealed with the anti-IgG-coated slides, and incubated for 1 h at 37°C. Rabbit serum
(Sigma-Aldrich) was added to the cells at a concentration of 1:8,000. Slides were subsequently probed
with 5 �g/ml of AF488-labeled anti-human IgG antibody (BD; clone G18-145), AF700-labeled goat-anti
rabbit antibody (Life Technologies, Inc.), and fluorescently labeled antigens (AF555-labeled CP5-HSA
conjugate with AF647-labeled CP8-HSA conjugate or AF555-labeled MntC with AF647-labeled ClfA). All
antigens were obtained from Pfizer and used at a concentration of 50 �g/ml. All antigens were
conjugated to dyes using sodium bicarbonate before processing through fluorescent dye-removal
columns (Pierce Biotechnology) was performed. Alexa Fluor fluorophores were obtained from Life
Technologies, Inc.

Slides were washed and scanned using a GenePix 4400A microarray scanner (Molecular Devices). The
images generated were analyzed using Crossword software (61) in addition to software developed
in-house (T. M. Gierahn, unpublished data). Positive fluorescent events were identified based on the
signal-to-noise ratio and average pixel intensity and were confirmed by visual inspection. Wells contain-
ing single cells were analyzed to determine the percentage of cells that secreted immunoglobulin. This
frequency was multiplied by the total number of cells on each nanowell array (including wells that
contained more than 1 cell) to determine the number of cells that secreted immunoglobulin. Numbers
of antigen-specific spots were divided by the total calculated numbers of immunoglobulin-secreting cells
on each array to determine the frequencies of antigen-specific cells. Due to the low frequencies of
antigen-specific cells (generally less than 0.1%), it was assumed that any wells containing multiple cells
held only 1 cell specific for each antigen. CRM197-specific B cells were excluded from analysis and
identified as events that stained positive with both CP5-CRM197 and CP8-CRM197.

Fluorescence microscopy. Microengraving data were supplemented with images of the nanowells
to determine the occupancy of each well and the viability of each cell. Following microengraving, cells
(within the nanowell arrays) were stained with the fluorescent viability dye calcein AM (Invitrogen) at
0.25 �g/ml. Images were collected using an epifluorescence microscope (Zeiss) and software developed
in-house (D. Loginov, unpublished data).

Antigen stimulation and cytokine measurement by Luminex analysis. For antigen stimulation
experiments, macaque PBMCs were thawed, rested overnight, and plated at a concentration of
500,000 cells/well. Cells were stimulated with 8 �g/ml of each antigen in AIM-V media for 48 h.
Supernatants were harvested, and the concentrations of the following cytokines were measured:
granulocyte-macrophage colony-stimulating factor (GM-CSF), TNF-�, IL-1�, IL-4, IL-6, MIG, vascular
endothelial growth factor receptor (VEGF), HGF, EGF, IL-8, IL-17, MIP-1�, IL-12, IL-10, fibroblast growth
factor-Basic (FGF-Basic), IFN-�, granulocyte colony-stimulating factor (G-CSF), monocyte chemoattractant
protein 1 (MCP-1), IL-15, IP-10, MIP-1�, eotaxin, RANTES, IL-1RA, I-TAC, MIF, MDC, IL-5, and IL-2. Cytokines
were measured using a cytokine Monkey Magnetic 29-plex panel for a Luminex Platform kit (Thermo
Fisher) following the manufacturer’s instructions.

Assessment of antigen-specific antibody responses to vaccination. (i) Opsonophagocytic assay
(OPA). Serological responses to capsular polysaccharides CP5 and CP8 were measured by opsonophago-
cytic assay (OPA) as previously described (15). Briefly, serial dilutions of heat-inactivated immune sera
were mixed with either a CP5- or CP8-expressing clinical isolate of S. aureus and allowed to opsonize the
bacteria. The reaction mixtures were then mixed with baby rabbit complement (Pel-Freez) and
neutrophil-like HL-60 cells. An OPA antibody titer was defined as the reciprocal of the highest serum
dilution resulting in a 50% reduction of the number of bacterial colonies after incubation for 60 min at
37°C compared to the serum-free background control. Samples without detectable activity at the lowest
serum dilution of 100 were assigned OPA titer values of 50.

(ii) Competitive Luminex immunoassay (cLIA). Competitive immunoassays were used to quantify
antigen-specific binding antibodies elicited by the investigational vaccine. The assays monitor the ability
of each vaccine component to elicit antibodies that can compete with the binding of antigen-specific
monoclonal antibodies (MAbs) that have shown functional activity either in vitro or in vivo. This approach
provides insight into the function and protectiveness of the antigen-specific antibodies. The ClfA MAb
prevents binding of live S. aureus to fibrinogen (36), while the MntC MAb inhibits manganese uptake (62).
The MAbs used for the CPs facilitated killing of S. aureus as measured by OPA. The cLIA is based on the
Luminex MagPlex xMAP technology platform. Spectrally distinct microspheres are coated individually
with each of the following antigens, resulting in a mixture of distinct microspheres: CP5, CP8, recombi-
nant ClfA (rmClfA), and recombinant P305A (rP305A). Antigen-coated microspheres are incubated
overnight with appropriately diluted serum samples. A mixture of PE-labeled CP5-, CP8-, rmClfA-, and
rP305A-specific mouse monoclonal antibodies (MAbs) is then added to the microsphere/serum mixture,
and after incubation, the unbound components are washed off. The presence of the fluorescent protein
coupled to the monoclonal antibodies allows measurement of the antibody bound to the antigen-coated
microspheres by the Bio-Plex reader. Signals expressed as median fluorescence intensities (MFIs) were
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generated, and the data were converted to units per milliliter using four-parameter logistic (4PL) curves
from the reference standard serum, with assigned antibody titers expressed in units per milliliter. This is
a competitive assay, and the magnitude of the fluorescent PE signal is inversely proportional to the
amount of antigen-specific antibodies in the sample.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/

mSphere.00217-18.
FIG S1, PDF file, 0.2 MB.
FIG S2, PDF file, 0.3 MB.
FIG S3, PDF file, 0.04 MB.
FIG S4, PDF file, 0.05 MB.

ACKNOWLEDGMENTS
We thank Michael W. Pride, Paul A. Liberator, and Lisa K. McNeil for their contribu-

tions to this work.
This work was supported by Pfizer Inc. and in part by Koch Institute Support (core)

grant P30-CA14051 from the National Cancer Institute.
C.D.D., I.L.S., R.M.Z., B.M., C.P.R., E.B.O., K.U.J., A.S.A., and J.C.L. contributed to the drafting

of the manuscript. C.D.D., I.L.S., R.M.Z., and B.M. acquired data for this work. C.D.D., I.L.S.,
R.M.Z., B.M., C.P.R., E.B.O., and A.S.A. analyzed data for this work. C.D.D., I.L.S., R.M.Z., B.M.,
K.U.J., A.S.A., and J.C.L. contributed to the conception or design of this work.

REFERENCES
1. Tong SY, Davis JS, Eichenberger E, Holland TL, Fowler VG, Jr. 2015.

Staphylococcus aureus infections: epidemiology, pathophysiology, clin-
ical manifestations, and management. Clin Microbiol Rev 28:603– 661.
https://doi.org/10.1128/CMR.00134-14.

2. Centers for Disease Control and Prevention. 2012. Active bacterial core
surveillance report, methicillin-resistant Staphylococcus aureus. http://
www.cdc.gov/abcs/reports-findings/survreports/mrsa12.pdf. Accessed
11 February 2015.

3. Ma CS, Chew GY, Simpson N, Priyadarshi A, Wong M, Grimbacher B,
Fulcher DA, Tangye SG, Cook MC. 2008. Deficiency of Th17 cells in hyper
IgE syndrome due to mutations in STAT3. J Exp Med 205:1551–1557.
https://doi.org/10.1084/jem.20080218.

4. Grimbacher B, Holland SM, Gallin JI, Greenberg F, Hill SC, Malech HL,
Miller JA, O’Connell AC, Puck JM. 1999. Hyper-IgE syndrome with recur-
rent infections—an autosomal dominant multisystem disorder. N Engl J
Med 340:692–702. https://doi.org/10.1056/NEJM199903043400904.

5. Lin L, Ibrahim AS, Xu X, Farber JM, Avanesian V, Baquir B, Fu Y, French
SW, Edwards JE, Jr, Spellberg B. 2009. Th1-Th17 cells mediate protective
adaptive immunity against Staphylococcus aureus and Candida albicans
infection in mice. PLoS Pathog 5:e1000703. https://doi.org/10.1371/
journal.ppat.1000703.

6. Cho JS, Pietras EM, Garcia NC, Ramos RI, Farzam DM, Monroe HR,
Magorien JE, Blauvelt A, Kolls JK, Cheung AL, Cheng G, Modlin RL, Miller
LS. 2010. IL-17 is essential for host defense against cutaneous Staphy-
lococcus aureus infection in mice. J Clin Invest 120:1762–1773. https://
doi.org/10.1172/JCI40891.

7. Ouyang W, Kolls JK, Zheng Y. 2008. The biological functions of T helper
17 cell effector cytokines in inflammation. Immunity 28:454 – 467.
https://doi.org/10.1016/j.immuni.2008.03.004.

8. Quie PG, White JG, Holmes B, Good RA. 1967. In vitro bactericidal
capacity of human polymorphonuclear leukocytes: diminished activity in
chronic granulomatous disease of childhood. J Clin Invest 46:668 – 679.
https://doi.org/10.1172/JCI105568.

9. Johnston RB, Jr, Keele BB, Jr, Misra HP, Lehmeyer JE, Webb LS, Baehner
RL, RaJagopalan KV. 1975. The role of superoxide anion generation in
phagocytic bactericidal activity. Studies with normal and chronic gran-
ulomatous disease leukocytes. J Clin Invest 55:1357–1372. https://doi
.org/10.1172/JCI108055.

10. Dinauer MC. 2014. Disorders of neutrophil function: an overview. Meth-
ods Mol Biol 1124:501–515. https://doi.org/10.1007/978-1-62703-845
-4_30.

11. Fournier B, Philpott DJ. 2005. Recognition of Staphylococcus aureus by

the innate immune system. Clin Microbiol Rev 18:521–540. https://doi
.org/10.1128/CMR.18.3.521-540.2005.

12. Pietrocola G, Arciola CR, Rindi S, Di Poto A, Missineo A, Montanaro L,
Speziale P. 2011. Toll-like receptors (TLRs) in innate immune defense
against Staphylococcus aureus. Int J Artif Organs 34:799 – 810. https://
doi.org/10.5301/ijao.5000030.

13. van Kessel KP, Bestebroer J, van Strijp JA. 2014. Neutrophil-mediated
phagocytosis of Staphylococcus aureus. Front Immunol 5:467. https://
doi.org/10.3389/fimmu.2014.00467.

14. Verbrugh HA, Peterson PK, Nguyen BY, Sisson SP, Kim Y. 1982. Opsoniza-
tion of encapsulated Staphylococcus aureus: the role of specific anti-
body and complement. J Immunol 129:1681–1687.

15. Nanra JS, Buitrago SM, Crawford S, Ng J, Fink PS, Hawkins J, Scully IL,
McNeil LK, Aste-Amézaga JM, Cooper D, Jansen KU, Anderson AS. 2013.
Capsular polysaccharides are an important immune evasion mechanism
for Staphylococcus aureus. Hum Vaccin Immunother 9:480 – 487. https://
doi.org/10.4161/hv.23223.

16. Crotty S. 2011. Follicular helper CD4 T cells (TFH). Annu Rev Immunol
29:621– 663. https://doi.org/10.1146/annurev-immunol-031210-101400.

17. Fraunholz M, Sinha B. 2012. Intracellular Staphylococcus aureus: live-in
and let die. Front Cell Infect Microbiol 2:43. https://doi.org/10.3389/
fcimb.2012.00043.

18. Sasaki S, Tagawa Y, Iwakura Y, Nakane A. 2006. The role of gamma
interferon in acquired host resistance against Staphylococcus aureus
infection in mice. FEMS Immunol Med Microbiol 46:367–374. https://doi
.org/10.1111/j.1574-695X.2005.00037.x.

19. Beekhuizen H, van de Gevel JS. 2007. Gamma interferon confers resis-
tance to infection with Staphylococcus aureus in human vascular endo-
thelial cells by cooperative proinflammatory and enhanced intrinsic
antibacterial activities. Infect Immun 75:5615–5626. https://doi.org/10
.1128/IAI.00530-07.

20. Brown AF, Murphy AG, Lalor SJ, Leech JM, O’Keeffe KM, Mac Aogáin M,
O’Halloran DP, Lacey KA, Tavakol M, Hearnden CH, Fitzgerald-Hughes D,
Humphreys H, Fennell JP, van Wamel WJ, Foster TJ, Geoghegan JA,
Lavelle EC, Rogers TR, McLoughlin RM. 2015. Memory Th1 cells are
protective in invasive Staphylococcus aureus infection. PLoS Pathog
11:e1005226. https://doi.org/10.1371/journal.ppat.1005226.

21. Jansen KU, Girgenti DQ, Scully IL, Anderson AS. 2013. Vaccine review:
“Staphyloccocus aureus vaccines: problems and prospects�. Vaccine 31:
2723–2730. https://doi.org/10.1016/j.vaccine.2013.04.002.

22. Scully IL, Liberator PA, Jansen KU, Anderson AS. 2014. Covering all the

Comparative Analysis of Staphylococcal Vaccination

July/August 2018 Volume 3 Issue 4 e00217-18 msphere.asm.org 15

https://doi.org/10.1128/mSphere.00217-18
https://doi.org/10.1128/mSphere.00217-18
https://doi.org/10.1128/CMR.00134-14
http://www.cdc.gov/abcs/reports-findings/survreports/mrsa12.pdf
http://www.cdc.gov/abcs/reports-findings/survreports/mrsa12.pdf
https://doi.org/10.1084/jem.20080218
https://doi.org/10.1056/NEJM199903043400904
https://doi.org/10.1371/journal.ppat.1000703
https://doi.org/10.1371/journal.ppat.1000703
https://doi.org/10.1172/JCI40891
https://doi.org/10.1172/JCI40891
https://doi.org/10.1016/j.immuni.2008.03.004
https://doi.org/10.1172/JCI105568
https://doi.org/10.1172/JCI108055
https://doi.org/10.1172/JCI108055
https://doi.org/10.1007/978-1-62703-845-4_30
https://doi.org/10.1007/978-1-62703-845-4_30
https://doi.org/10.1128/CMR.18.3.521-540.2005
https://doi.org/10.1128/CMR.18.3.521-540.2005
https://doi.org/10.5301/ijao.5000030
https://doi.org/10.5301/ijao.5000030
https://doi.org/10.3389/fimmu.2014.00467
https://doi.org/10.3389/fimmu.2014.00467
https://doi.org/10.4161/hv.23223
https://doi.org/10.4161/hv.23223
https://doi.org/10.1146/annurev-immunol-031210-101400
https://doi.org/10.3389/fcimb.2012.00043
https://doi.org/10.3389/fcimb.2012.00043
https://doi.org/10.1111/j.1574-695X.2005.00037.x
https://doi.org/10.1111/j.1574-695X.2005.00037.x
https://doi.org/10.1128/IAI.00530-07
https://doi.org/10.1128/IAI.00530-07
https://doi.org/10.1371/journal.ppat.1005226
https://doi.org/10.1016/j.vaccine.2013.04.002
msphere.asm.org


bases: preclinical development of an effective Staphylococcus aureus vac-
cine. Front Immunol 5:109. https://doi.org/10.3389/fimmu.2014.00109.

23. Anderson AS, Miller AA, Donald RG, Scully IL, Nanra JS, Cooper D, Jansen
KU. 2012. Development of a multicomponent Staphylococcus aureus
vaccine designed to counter multiple bacterial virulence factors. Hum
Vaccin Immunother 8:1585–1594. https://doi.org/10.4161/hv.21872.

24. Thakker M, Park JS, Carey V, Lee JC. 1998. Staphylococcus aureus sero-
type 5 capsular polysaccharide is antiphagocytic and enhances bacterial
virulence in a murine bacteremia model. Infect Immun 66:5183–5189.

25. O’Riordan K, Lee JC. 2004. Staphylococcus aureus capsular polysaccha-
rides. Clin Microbiol Rev 17:218 –234. https://doi.org/10.1128/CMR.17.1
.218-234.2004.

26. Nanra JS, Timofeyeva Y, Buitrago SM, Sellman BR, Dilts DA, Fink P, Nunez
L, Hagen M, Matsuka YV, Mininni T, Zhu D, Pavliak V, Green BA, Jansen
KU, Anderson AS. 2009. Heterogeneous in vivo expression of clumping
factor A and capsular polysaccharide by Staphylococcus aureus: impli-
cations for vaccine design. Vaccine 27:3276 –3280. https://doi.org/10
.1016/j.vaccine.2009.01.062.

27. Horsburgh MJ, Wharton SJ, Cox AG, Ingham E, Peacock S, Foster SJ. 2002.
MntR modulates expression of the PerR regulon and superoxide resis-
tance in Staphylococcus aureus through control of manganese uptake.
Mol Microbiol 44:1269 –1286. https://doi.org/10.1046/j.1365-2958.2002
.02944.x.

28. Hawiger J, Timmons S, Strong DD, Cottrell BA, Riley M, Doolittle RF. 1982.
Identification of a region of human fibrinogen interacting with staphy-
lococcal clumping factor. Biochemistry 21:1407–1413. https://doi.org/10
.1021/bi00535a047.

29. Liu CZ, Shih MH, Tsai PJ. 2005. ClfA(221-550), a fibrinogen-binding
segment of Staphylococcus aureus clumping factor A, disrupts fibrino-
gen function. Thromb Haemost 94:286 –294. https://doi.org/10.1160/
TH05-03-0205.

30. Bayer AS, Sullam PM, Ramos M, Li C, Cheung AL, Yeaman MR. 1995.
Staphylococcus aureus induces platelet aggregation via a fibrinogen-
dependent mechanism which is independent of principal platelet glyco-
protein IIb/IIIa fibrinogen-binding domains. Infect Immun 63:3634–3641.

31. McAdow M, Kim HK, Dedent AC, Hendrickx AP, Schneewind O, Missiakas
DM. 2011. Preventing Staphylococcus aureus sepsis through the inhibi-
tion of its agglutination in blood. PLoS Pathog 7:e1002307. https://doi
.org/10.1371/journal.ppat.1002307.

32. Josefsson E, Hartford O, O’Brien L, Patti JM, Foster T. 2001. Protection
against experimental Staphylococcus aureus arthritis by vaccination
with clumping factor A, a novel virulence determinant. J Infect Dis
184:1572–1580. https://doi.org/10.1086/324430.

33. Scully IL, Timofeyeva Y, Keeney D, Matsuka YV, Severina E, McNeil LK,
Nanra J, Hu G, Liberator PA, Jansen KU, Anderson AS. 2015. Demonstra-
tion of the preclinical correlate of protection for Staphylococcus aureus
clumping factor A in a murine model of infection. Vaccine 33:5452–5457.
https://doi.org/10.1016/j.vaccine.2015.08.029.

34. Anderson AS, Scully IL, Timofeyeva Y, Murphy E, McNeil LK, Mininni T,
Nuñez L, Carriere M, Singer C, Dilts DA, Jansen KU. 2012. Staphylococcus
aureus manganese transport protein C is a highly conserved cell surface
protein that elicits protective immunity against S. aureus and Staphylo-
coccus epidermidis. J Infect Dis 205:1688 –1696. https://doi.org/10.1093/
infdis/jis272.

35. Vernachio J, Bayer AS, Le T, Chai YL, Prater B, Schneider A, Ames B,
Syribeys P, Robbins J, Patti JM. 2003. Anti-clumping factor A immuno-
globulin reduces the duration of methicillin-resistant Staphylococcus
aureus bacteremia in an experimental model of infective endocarditis.
Antimicrob Agents Chemother 47:3400 –3406. https://doi.org/10.1128/
AAC.47.11.3400-3406.2003.

36. Hawkins J, Kodali S, Matsuka YV, McNeil LK, Mininni T, Scully IL, Verna-
chio JH, Severina E, Girgenti D, Jansen KU, Anderson AS, Donald RG.
2012. A recombinant clumping factor A-containing vaccine induces
functional antibodies to Staphylococcus aureus that are not observed
after natural exposure. Clin Vaccine Immunol 19:1641–1650. https://doi
.org/10.1128/CVI.00354-12.

37. Shinefield H, Black S, Fattom A, Horwith G, Rasgon S, Ordonez J, Yeoh H,
Law D, Robbins JB, Schneerson R, Muenz L, Fuller S, Johnson J, Fireman
B, Alcorn H, Naso R. 2002. Use of a Staphylococcus aureus conjugate
vaccine in patients receiving hemodialysis. N Engl J Med 346:491– 496.
https://doi.org/10.1056/NEJMoa011297.

38. Fattom A, Matalon A, Buerkert J, Taylor K, Damaso S, Boutriau D. 2015.
Efficacy profile of a bivalent Staphylococcus aureus glycoconjugated

vaccine in adults on hemodialysis: phase III randomized study. Hum
Vaccin Immunother 11:632– 641. https://doi.org/10.4161/hv.34414.

39. Iwasaki A, Medzhitov R. 2010. Regulation of adaptive immunity by the
innate immune system. Science 327:291–295. https://doi.org/10.1126/
science.1183021.

40. Plotkin SA. 2010. Correlates of protection induced by vaccination. Clin
Vaccine Immunol 17:1055–1065. https://doi.org/10.1128/CVI.00131-10.

41. Weller S, Braun MC, Tan BK, Rosenwald A, Cordier C, Conley ME, Plebani
A, Kumararatne DS, Bonnet D, Tournilhac O, Tchernia G, Steiniger B,
Staudt LM, Casanova JL, Reynaud CA, Weill JC. 2004. Human blood IgM
“memory” B cells are circulating splenic marginal zone B cells harboring
a prediversified immunoglobulin repertoire. Blood 104:3647–3654.
https://doi.org/10.1182/blood-2004-01-0346.

42. Ogunniyi AO, Thomas BA, Politano TJ, Varadarajan N, Landais E, Poi-
gnard P, Walker BD, Kwon DS, Love JC. 2014. Profiling human antibody
responses by integrated single-cell analysis. Vaccine 32:2866 –2873.
https://doi.org/10.1016/j.vaccine.2014.02.020.

43. Karauzum H, Haudenschild CC, Moore IN, Mahmoudieh M, Barber DL,
Datta SK. 2017. Lethal CD4 T cell responses induced by vaccination
against Staphylococcus aureus bacteremia. J Infect Dis 215:1231–1239.
https://doi.org/10.1093/infdis/jix096.

44. Caruso A, Licenziati S, Corulli M, Canaris AD, De Francesco MA, Fiorentini
S, Peroni L, Fallacara F, Dima F, Balsari A, Turano A. 1997. Flow cytometric
analysis of activation markers on stimulated T cells and their correlation
with cell proliferation. Cytometry 27:71–76. https://doi.org/10.1002/
(SICI)1097-0320(19970101)27:1�71::AID-CYTO9	3.0.CO;2-O.

45. Agata Y, Kawasaki A, Nishimura H, Ishida Y, Tsubata T, Yagita H, Honjo T.
1996. Expression of the PD-1 antigen on the surface of stimulated mouse
T and B lymphocytes. Int Immunol 8:765–772. https://doi.org/10.1093/
intimm/8.5.765.

46. Sanders ME, Makgoba MW, Shaw S. 1988. Human naive and memory T cells:
reinterpretation of helper-inducer and suppressor-inducer subsets. Immu-
nol Today 9:195–199. https://doi.org/10.1016/0167-5699(88)91212-1.

47. Scholzen T, Gerdes J. 2000. The Ki-67 protein: from the known and the
unknown. J Cell Physiol 182:311–322. https://doi.org/10.1002/(SICI)1097
-4652(200003)182:3�311::AID-JCP1	3.0.CO;2-9.

48. Ferrante A, Martin AJ, Bates EJ, Goh DH, Harvey DP, Parsons D, Rathjen
DA, Russ G, Dayer JM. 1993. Killing of Staphylococcus aureus by tumor
necrosis factor-alpha-activated neutrophils. The role of serum opsonins,
integrin receptors, respiratory burst, and degranulation. J Immunol 151:
4821– 4828.

49. Aufiero B, Guo M, Young C, Duanmu Z, Talwar H, Lee HK, Murakawa GJ.
2007. Staphylococcus aureus induces the expression of tumor necrosis
factor-alpha in primary human keratinocytes. Int J Dermatol 46:687– 694.
https://doi.org/10.1111/j.1365-4632.2007.03161.x.

50. Locci M, Havenar-Daughton C, Landais E, Wu J, Kroenke MA, Arlehamn
CL, Su LF, Cubas R, Davis MM, Sette A, Haddad EK, International AIDS
Vaccine Initiative Protocol C Principal Investigators, Poignard P, Crotty S.
2013. Human circulating PD-1�CXCR3-CXCR5� memory Tfh cells are
highly functional and correlate with broadly neutralizing HIV antibody
responses. Immunity 39:758 –769. https://doi.org/10.1016/j.immuni.2013
.08.031.

51. Xu Y, Weatherall C, Bailey M, Alcantara S, De Rose R, Estaquier J, Wilson
K, Suzuki K, Corbeil J, Cooper DA, Kent SJ, Kelleher AD, Zaunders J. 2013.
Simian immunodeficiency virus infects follicular helper CD4 T cells in
lymphoid tissues during pathogenic infection of pigtail macaques. J
Virol 87:3760 –3773. https://doi.org/10.1128/JVI.02497-12.

52. Nissen M, Marshall H, Richmond P, Shakib S, Jiang Q, Cooper D, Rill D,
Baber J, Eiden J, Gruber W, Jansen KU, Emini EA, Anderson AS, Zito ET,
Girgenti D. 2015. A randomized phase I study of the safety and immu-
nogenicity of three ascending dose levels of a 3-antigen Staphylococcus
aureus vaccine (SA3Ag) in healthy adults. Vaccine 33:1846 –1854. https://
doi.org/10.1016/j.vaccine.2015.02.024.

53. Begier E, Seiden DJ, Patton M, Zito E, Severs J, Cooper D, Eiden J, Gruber WC,
Jansen KU, Anderson AS, Gurtman A. 2017. SA4Ag, a 4-antigen Staphylo-
coccus aureus vaccine, rapidly induces high levels of bacteria-killing anti-
bodies. Vaccine 35:1132–1139. https://doi.org/10.1016/j.vaccine.2017.01
.024.

54. Fowler VG, Allen KB, Moreira ED, Moustafa M, Isgro F, Boucher HW, Corey
GR, Carmeli Y, Betts R, Hartzel JS, Chan IS, McNeely TB, Kartsonis NA,
Guris D, Onorato MT, Smugar SS, DiNubile MJ, Sobanjo-ter Meulen A.
2013. Effect of an investigational vaccine for preventing Staphylococcus
aureus infections after cardiothoracic surgery: a randomized trial. JAMA
309:1368 –1378. https://doi.org/10.1001/jama.2013.3010.

Dupont et al.

July/August 2018 Volume 3 Issue 4 e00217-18 msphere.asm.org 16

https://doi.org/10.3389/fimmu.2014.00109
https://doi.org/10.4161/hv.21872
https://doi.org/10.1128/CMR.17.1.218-234.2004
https://doi.org/10.1128/CMR.17.1.218-234.2004
https://doi.org/10.1016/j.vaccine.2009.01.062
https://doi.org/10.1016/j.vaccine.2009.01.062
https://doi.org/10.1046/j.1365-2958.2002.02944.x
https://doi.org/10.1046/j.1365-2958.2002.02944.x
https://doi.org/10.1021/bi00535a047
https://doi.org/10.1021/bi00535a047
https://doi.org/10.1160/TH05-03-0205
https://doi.org/10.1160/TH05-03-0205
https://doi.org/10.1371/journal.ppat.1002307
https://doi.org/10.1371/journal.ppat.1002307
https://doi.org/10.1086/324430
https://doi.org/10.1016/j.vaccine.2015.08.029
https://doi.org/10.1093/infdis/jis272
https://doi.org/10.1093/infdis/jis272
https://doi.org/10.1128/AAC.47.11.3400-3406.2003
https://doi.org/10.1128/AAC.47.11.3400-3406.2003
https://doi.org/10.1128/CVI.00354-12
https://doi.org/10.1128/CVI.00354-12
https://doi.org/10.1056/NEJMoa011297
https://doi.org/10.4161/hv.34414
https://doi.org/10.1126/science.1183021
https://doi.org/10.1126/science.1183021
https://doi.org/10.1128/CVI.00131-10
https://doi.org/10.1182/blood-2004-01-0346
https://doi.org/10.1016/j.vaccine.2014.02.020
https://doi.org/10.1093/infdis/jix096
https://doi.org/10.1002/(SICI)1097-0320(19970101)27:1%3C71::AID-CYTO9%3E3.0.CO;2-O
https://doi.org/10.1002/(SICI)1097-0320(19970101)27:1%3C71::AID-CYTO9%3E3.0.CO;2-O
https://doi.org/10.1093/intimm/8.5.765
https://doi.org/10.1093/intimm/8.5.765
https://doi.org/10.1016/0167-5699(88)91212-1
https://doi.org/10.1002/(SICI)1097-4652(200003)182:3%3C311::AID-JCP1%3E3.0.CO;2-9
https://doi.org/10.1002/(SICI)1097-4652(200003)182:3%3C311::AID-JCP1%3E3.0.CO;2-9
https://doi.org/10.1111/j.1365-4632.2007.03161.x
https://doi.org/10.1016/j.immuni.2013.08.031
https://doi.org/10.1016/j.immuni.2013.08.031
https://doi.org/10.1128/JVI.02497-12
https://doi.org/10.1016/j.vaccine.2015.02.024
https://doi.org/10.1016/j.vaccine.2015.02.024
https://doi.org/10.1016/j.vaccine.2017.01.024
https://doi.org/10.1016/j.vaccine.2017.01.024
https://doi.org/10.1001/jama.2013.3010
msphere.asm.org


55. Creech CB, Frenck RW, Jr, Sheldon EA, Seiden DJ, Kankam MK, Zito ET,
Girgenti D, Severs JM, Immermann FW, McNeil LK, Cooper D, Jansen
KU, Gruber W, Eiden J, Anderson AS, Baber J. 2017. Safety, tolerability,
and immunogenicity of a single dose 4-antigen or 3-antigen Staph-
ylococcus aureus vaccine in healthy older adults: results of a ran-
domised trial. Vaccine 35:385–394. https://doi.org/10.1016/j.vaccine
.2016.11.032.

56. Levy J, Licini L, Haelterman E, Moris P, Lestrate P, Damaso S, Van Belle P,
Boutriau D. 2015. Safety and immunogenicity of an investigational
4-component Staphylococcus aureus vaccine with or without AS03B
adjuvant: results of a randomized phase I trial. Hum Vaccin Immunother
11:620 – 631. https://doi.org/10.1080/21645515.2015.1011021.

57. Schmitt N, Bentebibel SE, Ueno H. 2014. Phenotype and functions of
memory Tfh cells in human blood. Trends Immunol 35:436 – 442. https://
doi.org/10.1016/j.it.2014.06.002.

58. Pinna D, Corti D, Jarrossay D, Sallusto F, Lanzavecchia A. 2009. Clonal
dissection of the human memory B-cell repertoire following infection

and vaccination. Eur J Immunol 39:1260 –1270. https://doi.org/10.1002/
eji.200839129.

59. Ogunniyi AO, Story CM, Papa E, Guillen E, Love JC. 2009. Screening
individual hybridomas by microengraving to discover monoclonal anti-
bodies. Nat Protoc 4:767–782. https://doi.org/10.1038/nprot.2009.40.

60. Love JC, Ronan JL, Grotenbreg GM, van der Veen AG, Ploegh HL. 2006.
A microengraving method for rapid selection of single cells producing
antigen-specific antibodies. Nat Biotechnol 24:703–707. https://doi.org/
10.1038/nbt1210.

61. Gierahn TM, Loginov D, Love JC. 2014. Crossword: a fully automated algo-
rithm for the segmentation and quality control of protein microarray im-
ages. J Proteome Res 13:362–371. https://doi.org/10.1021/pr401167h.

62. Gribenko AV, Parris K, Mosyak L, Li S, Handke L, Hawkins JC, Severina E,
Matsuka YV, Anderson AS. 2016. High resolution mapping of bactericidal
monoclonal antibody binding epitopes on Staphylococcus aureus anti-
gen MntC. PLoS Pathog 12:e1005908. https://doi.org/10.1371/journal
.ppat.1005908.

Comparative Analysis of Staphylococcal Vaccination

July/August 2018 Volume 3 Issue 4 e00217-18 msphere.asm.org 17

https://doi.org/10.1016/j.vaccine.2016.11.032
https://doi.org/10.1016/j.vaccine.2016.11.032
https://doi.org/10.1080/21645515.2015.1011021
https://doi.org/10.1016/j.it.2014.06.002
https://doi.org/10.1016/j.it.2014.06.002
https://doi.org/10.1002/eji.200839129
https://doi.org/10.1002/eji.200839129
https://doi.org/10.1038/nprot.2009.40
https://doi.org/10.1038/nbt1210
https://doi.org/10.1038/nbt1210
https://doi.org/10.1021/pr401167h
https://doi.org/10.1371/journal.ppat.1005908
https://doi.org/10.1371/journal.ppat.1005908
msphere.asm.org

	RESULTS
	Analysis of innate immune responses induced by the CP5-CRM197 and CP8-CRM197 or MntC and ClfA antigens. 
	Analysis of memory B-cell responses induced by bivalent vaccine treatment or SA4Ag vaccination. 
	Analysis of T-cell responses induced by bivalent vaccine treatment or SA4Ag vaccination. 
	Effects of vaccination on humoral immune responses. 

	DISCUSSION
	MATERIALS AND METHODS
	Animals and immunization. 
	Cell preparation. 
	Flow cytometry. 
	Microengraving. 
	Fluorescence microscopy. 
	Antigen stimulation and cytokine measurement by Luminex analysis. 
	Assessment of antigen-specific antibody responses to vaccination. (i) Opsonophagocytic assay (OPA). 
	(ii) Competitive Luminex immunoassay (cLIA). 

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

